Abstract. The aim of this study was to estimate the effect of variation in the fatty acid binding protein 4 gene (FABP4) on milk production traits in Greek Sfakia sheep. Polymerase chain reaction -single-stranded conformational polymorphism (PCR-SSCP) analysis was used to genotype a total of 374 Sfakia ewes for two regions of FABP4 located around exon 2-intron 2 (Region 1) and exon 3-intron 3 (Region 2). Each month, for a period of 6 months, milk samples were collected from the ewes to measure total milk yield, fat content, protein content, lactose content, non-fat solid content, pH, and somatic cell count (SCC). A general linear model was used to test the association between the variation observed in FABP4 and milk production traits. Four gene variants (A1-A4) were found in Region 1 and two variants (C1-C2) were found in Region 2. In the first region, the FABP4 genotype significantly affected (P < 0.05) non-fat solid levels, fat content, and SCC. The presence of the A2 variant was significantly associated (P < 0.05) with decreased SCC, while the presence of A4 was significantly associated with decreased milk yield (P < 0.01), increased non-fat solid content (P < 0.05), decreased fat content (P < 0.01), increased lactose content (P < 0.05), and increased pH (P < 0.05). In the second region, FABP4 genotype had an effect (P < 0.05) on protein content and the presence of the C2 variant was associated (P < 0.05) with increased protein content, decreased SCC, and lower pH. The results suggest an association between variation in ovine FABP4 and milk production traits in Greek Sfakia sheep. Nevertheless, further analyses in independent sheep populations of increased size will strengthen these findings.
Introduction
Sheep rearing for meat and milk production is an important part of the economy in the rural regions of Greece, contributing around 18 % to agricultural income and representing more than half of the country's animal production (Hadjigorgiou, 2014) . The Sfakia breed is one of the most popular dual-purpose breeds of Greek sheep and its milk is used for consumption and for processing into cheese and yogurt. Sheep milk has advantages over cow milk because it contains higher levels of protein, lower levels of cholesterol, and large amounts of vitamins A and E, which act as antioxidants (Khan et al., 2019) . With sheep milk, producing 1 kg of cheese takes approximately 4 kg of milk, compared to 8 to 10 kg for cows (Zeola et al., 2015) .
Increasing the productivity of milking sheep is very important if the purpose is to increase the income of Greek farmers. Accordingly, it is important to understand the genetic basis of milk production traits. One approach, which has gained in popularity, is to search for the genetic basis of the important traits and select superior breeding stock using markerassisted selection. The use of marker-assisted selection can speed up the identification of genetically superior animals by increasing the accuracy in which genetic merit can be ascertained, and by decreasing generation interval (Williams, 2005) . To achieve this outcome, you first need to identify the major genes that affect any valued traits (Zhu and Zhao, 2007) .
The various components of milk originate from blood plasma substrates and they are synthesized in the epithelial cells of the mammary gland (Kulig et al., 2013) . Milk lipids are synthesized from fatty acids that bind to specific proteins called fatty acid binding proteins (FABPs) . The FABPs are a small family of cytoplasmic proteins. They are thought to affect various cellular processes, in-particular lipid metabolism. They do this by transferring the fatty acids, heme, retinoids, and different vitamins across the cytoplasmic membrane to the sites of β-oxidation and triglyceride and phospholipid synthesis, and by modulating the concentration of the fatty acids in cells (Kulig et al., 2013) .
To date, nine members of the FABP gene family (FABP1-FABP9) have been described. Fatty acid binding protein 4 (FABP4), also known as adipocyte FABP (A-FABP), is a protein found in abundance in the mammary gland, and also in mature adipocytes and adipose tissue (Hunt et al., 1986) . The gene for FABP4 (FABP4) is expressed during lactation (Bionaz and Loor, 2008) and the main function of this protein is thought to be in lipid metabolism, where it binds both long-chain fatty acids and retinoic acid and delivers them to receptors in the nucleus of adipocytes (Spiegelman and Green, 1980) .
Investigations of FABP4-deficient mice suggest that thermogenesis and whole-body energy expenditure are decreased after feeding on a high-fat diet, indicating the importance of FABP4 in the maintenance of normal lipid metabolism (Cao et al., 2008) . Furthermore, FABP4 was found to increase thermogenesis by promoting the conversion of thyroid hormone from its inactive form (T4) to active form (T3) in brown adipocytes, the levels of FABP4 were found to increase in the bloodstream, and in both brown and white adipose tissues, in response to thermogenic stimuli (Shu et al., 2017) . In this respect, it has been shown that the performance of lactating animals is not only limited by the intrinsic properties of mammary glands but also by competition from heat production including thermogenesis in brown adipose tissue (Król et al., 2011) . Taken together, these suggest that the performance of lactating ewes could be affected by FABP4.
The FABP4 gene has been identified in sheep, cattle, chickens, and humans. Across these species it has a conserved structure with four exons being separated by three introns. Studies on whether variation in FABP4 affects milk production traits in sheep have not been undertaken but Yan et al. (2012) analyzed two regions of the gene (Region 1: exon 2-intron 2; and Region 2: exon 3-intron 3) using polymerase chain reaction -single-stranded conformational polymorphism (PCR-SSCP) and DNA sequencing. They detected five different SSCP patterns derived from three nucleotide substitutions and one deletion in Region 1 and four different SSCP patterns derived from four nucleotide substitutions in Region 2.
It is assumed that the lipid metabolism, thermogenesis, and whole-body energy expenditure affects most biological functions in the cells of various tissues and organs, including the mammary gland; therefore, FABP4 is considered to be a candidate gene for milk production traits in sheep. The objective of the present study was therefore to look for genetic variation in two separate regions of ovine FABP4 gene and, if found, test its association with milk production traits in Greek Sfakia ewes.
Materials and methods

Animal sources and experimental design
Twenty (n = 20) different flocks of the Sfakia breed, from the provinces of Rethymno and south Chania on Crete, were investigated. Ten flocks were representative of a semi-intensive production system and the other 10 were representative of the more traditional extensive production system. Within each flock, 18-20 ewes (in their second or third lactation) were randomly chosen for analysis. Eight to 10 ewes were randomly chosen from the early lambing period in autumn, when the multiparous ewes lamb, and 9 to 10 ewes were randomly chosen from the late lambing period in winter, when the primiparous ewes lamb.
Phenotypic measurements and analytical methods
All ewes were milked twice daily and the daily milk yield was measured using graduated measuring cylinders. Milk samples for analysis were collected once a month for a period of 6 months. These samples were analyzed at the State Milk Quality Laboratory (ELOGAK) in Rethymno. First, the samples were heated to 25 • C and the pH measured. For samples with a pH above 6.0, fat percentage, protein percentage, lactose percentage, and non-fat solid percentage were assessed by infrared analysis using a MilkoScan ™ (FT, FOSS ® , Hillerød, Denmark) and by flow cell cytometry for somatic cell count (SCC) using the Fossomatic ™ (FC, FOSS ® ). Fat, protein, lactose, and non-fat solid contents in the milk were expressed in grams per 100 mL and the logarithmic value of somatic cell count in milk was recorded.
PCR-SSCP analysis and genotyping of FABP4
Blood samples were collected from 374 Sfakia ewes onto FTA cards (Flinders Technology Associates); genomic DNA was purified for PCR analysis using a two-step procedure that is described by Zhou et al. (2006) . Two pairs of specific primers (Table 1) were used to study the genetic variation in two regions of the FABP4 gene (Region 1 and Region 2) that are located on exon 2-intron 2 and exon 3-intron 3. The PCR reaction was carried out in a total reaction volume of 20 µL containing the DNA on a 1.2 mm punch of FTA card, 0.25 µM of each primer, 2.5 µL of 10× PCR buffer, 1.5 mM of MgCl 2 , 150 µM of each dNTP (Eppendorf, Hamburg, Germany), and 0.5 U (one unit) of Taq DNA polymerase (Qiagen, Hilden, Germany). The thermal profile consisted of a 2 min denaturation at 94 • C followed by 35 cycles of 30 s at 94 • C, 30 s at 60 • C, and 30 s at 72 • C, and with a final extension step of 5 min at 72 • C. The PCR products were subject to single stranded conformational polymorphism (SSCP) analysis in 14 % polyacrylamide gels at 320 V and 12 • C for 18 h in 0.5× TBE buffer, and the gels were silver-stained using the method of Byun et al. (2009) .
Sequencing and analysis of the sequence variation
The amplicons from two sheep that produced each homozygous SSCP pattern for FABP4 were used as templates for Sanger sequencing of DNA at the Lincoln University DNA Sequencing Facility. For each heterozygous SSCP pattern, two sheep were sequenced using the method of Gong et al. (2011) . Briefly, one of the unique bands of the heterozygous pattern was cut out of the gel, washed with 300 µL 1× TE buffer, mashed up with a micropipette tip in 30 µL 1× TE buffer and incubated for 50 min at 55 • C. This product was used as the DNA template for re-amplification using the PCR conditions described above. The re-amplified DNA was purified using a PCR purification kit (Thermo Fisher Scientific, Waltham, MA, USA) and then sequenced in both directions. DNA sequence analyses, including translation to amino acid sequence and sequence comparisons, were undertaken using DNAMAN software (version 7.212, Lynnon Corp., QC, Canada) and DNASTAR software (Madison, WI, USA).
Statistical analyses
Data were analyzed using the general linear model (GLM) procedure of SAS software (SAS, 2004) to estimate the effect of FABP4 genotype, lactation number, lambing period, and management system. Sheep with FABP4 genotypes with frequencies less than 4 % were omitted from the statistical analysis to reduce the chances of obtaining false positive results during the multiple comparisons. The mathematical model used can be written as follows:
where Y ij klm is the observed trait value in the ij klmth animal, µ is the mean trait value for a given trait, G i is the fixed effect of the ith FAPB4 genotype (i = 1 to 5 for the first region and i = 1 to 3 for the second region) or the fixed effect of the presence or absence of each detected FAPB4 variant (i = 0, 1 for each variant, in each region), B j is the effect of lactation number (j = 2, 3), C k is effect of lambing period (k = 1, 2), FM l is the fixed effect of lth farm (1,. . . 10) for each management system (1, 2), and e ij klm is the random error.
The differences between mean trait values were verified by the Duncan test (P ≤ 0.05).
Results
Identification of sequence variation in FABP4
Four different SSCP banding patterns were observed for amplicons derived from the exon 2-intron 2 region of FABP4 in the Sfakia sheep, and 10 combinations of these banding patterns corresponded to 10 different genotypes (named: A1A1, A1A2, A1A3, A1A4, A2A2, A2A3, A2A4, A3A3, A3A4, and A4A4; Fig. 1 ). These had frequencies of 17.1 %, 31.6 %, 14.4 %, 6.3 %, 15.9 %, 8.8 %, 3.8 %, 0.7 %, 0.7 %, and 0.5 %, respectively. They were comprised of four unique variant sequences (A1, A2, A3, and A4; Table 2 and Fig. 2 ) with frequencies of 43.3 %, 38.0 %, 12.8 %, and 5.9 %, respectively. 
Position
Nucleotide sequence
Region 2 c.348+298 T C c.348+356 T C
The variant frequencies for the second region of FABP4 in the Sfakia sheep were 73.0 % and 27.0 % for variants that were named C1 and C2, respectively. Three genotypes were observed: C1C1 (frequency 53.0 %), C1C2 (40.0 %), and C2C2 (7.0 %) ( Table 2 and Fig. 2 ).
Effect of nongenetic factors on milk production traits
The nongenetic factors (lactation number, lambing period, and farm-management system) significantly (P < 0.05, P < 0.01) affected all of the milk production traits for the Sfakia ewes.
Effect of FABP4 genotype in the first region on milk traits
Associations between the FABP4 genotypes in the first region and the milk production traits are summarized in Table 3 . Associations (P < 0.05) were observed between FABP4 genotypes in the first region and non-fat milk solids, fat content, and SCC. Ewes with the A1A4 genotype had higher non-fat solid levels, lower fat content, and lower SCC, while ewes with the A2A3 genotype had lower non-fat solid levels and higher fat content. Furthermore, a trend (P = 0.082) was observed for an association between the FABP4 genotype in the first region and milk yield. Ewes with the A1A4 genotype had lower milk yields, while the A2A3 ewes had higher milk yields.
The results of testing the association between absence or presence of the FABP4 variants of the first region in ewe genotype and milk production traits are presented in Table 4 . These results reveal that the presence of A2 in the genotyped ewes was associated with decreased SCC (P < 0.05), while the presence of A4 in the ewes was associated with decreased milk yield (P < 0.01), increased non-fat solid content (P < 0.05), decreased fat content (P < 0.01), increased lactose content (P < 0.05), and increased pH (P < 0.05).
Effect of FABP4 genotype in the second region on milk traits
The results in Table 3 reveal that FABP4 genotype in the second region had an effect on protein content (P < 0.05). A comparison of the milk production traits for the FABP4 genotypes proved that the ewes with the C2C2 genotype had the highest protein content, while the ewes with the C1C1 genotype had the lowest protein content. As shown in Table 4 , the presence of the C2 variant in the ewe genotype was associated (P < 0.05) with an increase in protein content, and decreases in pH, and SCC.
Discussion
This is the first report describing the effect of FABP4 variation on milk production traits in sheep. In the study, a PCR-SSCP method proved to be a robust and reliable way to identify genetic markers associated with milk traits in Sfakia sheep. It unambiguously revealed 10 combinations of four PCR-SSCP patterns that were made up of four unique DNA sequences from the exon 2-intron 2 region of FABP4 and three combinations of two PCR-SSCP patterns representing two unique DNA sequences from a part of exon 3 and intron 3. On the basis of sequence comparison, the FABP4 variants A1, A2, A3, and A4 described here appeared to match variants A1, B1, C1, and D1, respectively, as described by Yan et al. (2012) and listed in GenBank with accession numbers JX290313-JX290316. It is evident from Tables 3 and 4 that there are significant associations for the variation observed in Region 1 of FAPB4 with milk yield, non-fat milk solid content, fat content, lactose content, pH, and SCC. While the nucleotide substitutions that were found in this region are located in intron 2, and do not change the amino acid sequence, it is possible that these substitutions might still influence FABP4 expression. For example they might affect the splicing of mRNA or be linked to variation elsewhere in a regulatory region (e.g., a miRNA binding site or enhancer binding site), or the 5 -UTR or 3 -UTR regions (UTR is untranslated region), that subsequently affects expression of the amino acid sequence (Wessagowit et al., 2005; MartõÂnez-Pizarro et al., 2018) . Previous reports have demonstrated associations between genetic variation in FABP4 and carcass traits, meat quality traits, and fatty acid composition in adipocytes (Ardicli et al., 2017; Yan et al., 2018) . Limited information is available regarding the effect of FABP4 on milk production traits in livestock. In Jersey cattle, Kulig et al. (2010) studied variation in two regions of the bovine FABP4 gene (from nucleotides 5433 to 6106 and from nucleotides 7417 to 7868), for the accession number AAFC01136716, and found no associations between the FABP4 polymorphism and daily milk yield, percentage fat content, or percentage protein content. For the same regions of FABP4 in Polish Holstein-Friesian cows, Kulig et al. (2013) revealed a significant effect for 5.14 0.03* * refers to significance at (P < 0.05); * * refers to significance at (P < 0.01); SCC: somatic cell count; SE: standard error. the single-nucleotide polymorphism (SNP; c.328G > A) on the estimated breeding values for protein yield (P < 0.05) and percentage protein content (P < 0.01). The same SNP (c.328G > A) was tested in Polish Holstein-Friesian blackwhite cows by Kaczor et al. (2017) , but they did not find any effects for this SNP on milk performance traits. Nafikov et al. (2013) sequenced the exonic and some intronic regions of FABP4 to discover the SNPs and haplotypes associated with milk fat percentage and fatty acid composition and reported that the overall haplotype effect of FABP4 was significantly associated with the concentrations of saturated fatty acids (SFA), un-saturated fatty acids (UFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA), and the SFA/UFA ratio. Zhou et al. (2015) identified three PCR-SSCP patterns derived from five SNPs: two of these SNPs were detected in exon 3 and the other SNPs were detected in intron 3; these five SNPs defined three haplotype sequences (named A, B, and C) and these were associated with milk yield and protein percentage in Holstein-Friesian × Jersey-cross dairy cows.
Comparison of the exon 3-intron 3 sequences in this study with the sequences described by Yan et al. (2012) revealed that the FABP4 variants C1 and C2 from the Sfakia sheep have the same sequences as two variants previously described in many New Zealand breeds of sheep (named A2 and D2, GenBank accession numbers JX409931 and JX409934, respectively; Table 2 and Fig. 2) . It is notable that the C2 variant, which is associated with increased protein content, decreased SCC and lower pH, and carries the nucleotide substitution c.317A/G that would lead to the putative amino acid substitution of lysine with arginine at residue 106. Arginine is one of the most multifunctional amino acids in animal cells. It turns into polyamines, which play a key role in the synthesis of protein in mammary epithelial cells (Kim and Wu, 2009) . Previous studies revealed the importance of arginine in increasing milk protein content. For example, Moreira et al. (2018) described how dietary supplementation with high levels of arginine increased milk production and milk protein in pigs. Clark et al. (1975) found that arginine uptake by the mammary gland associated with milk yield in rabbits and cows; however, O'Quinn et al. (2002) revealed that the rate of arginine catabolism in the lactating sows was greater than that for the pregnant or non-lactating sows. Furthermore, Tian et al. (2017) stated that arginine deficiencies had negative effects on milk yield and milk protein yield. The investigators attributed the effect of arginine to its crucial role in regulating protein turnover in mammary epithelial cells by activating the mechanistic target of the rapamycin (mTOR) cell signaling pathway (Ma et al., 2018) .
The lower SCC for milk produced from ewes which carry the C2 variant might be attributable to the substitution of lysine with arginine in FABP4. Many studies have described a positive effect for arginine on reducing the SCC in milk produced from mammals. For example, Chacher et al. (2013) suggested that promotion of the synthesis and metabolism of endogenous L-Arginine, through supplementation with feed additives that elevate blood plasma arginine levels, enhanced immunity, reduced SCC, and reduced the incidence of mastitis in sows. McCoard et al. (2013) found that administration of L-arginine to Romney ewes improved mammary gland health and decreased SCC in the milk produced. Woloszyn (2007) revealed that the cows with high SCC had a significantly lower concentration of arginine in their blood plasma. Alternatively, studies (Troendle et al., 2016; Hachana et al., 2018) have described a positive correlation between the number of somatic cells in milk and its pH. Given that the ewes that carry the C2 variant also produced milk with lower pH, the effect of C2 on SCC may either be mediated via pH or arginine levels.
The effects of FABP4 variation on milk production traits might also be explained by other phenomena. Besides its direct effects on milk production traits, FABP4 has been shown to have an effect on residual feed intake and feed efficiency (Cohen-Zinder et al., 2016) , subcutaneous fat depth and fatty acid composition of carcass (Hoashi et al., 2008) , intramuscular fat (Lee et al., 2010) , marbling score and back-fat thickness (Ardicli et al., 2017) , and insulin resistance (Hotamisligil and Bernlohr, 2015) . Many investigations have shown associations between milk production traits and these traits. Casper (2008) stated that the lower residual feed intake was, the higher feed efficiency was, leading to increased milk production in dairy cows. Marston et al. (1998) speculated that increased milk production was positively associated with greater marbling in beef cows. A strong relationship was found between the development of back-fat thickness and milk protein content in dairy cows (Schröder and Staufenbiel, 2003) . A positive correlation of milk yield and milk fat content, with increased subcutaneous fat depth, in dairy cows was revealed by Nogalski et al. (2012) . Elevated levels of insulin in plasma were also found to be associated with decreases in milk production and milk lactose content and increases in milk fat and protein contents in Holstein dairy cows and goats (Mackle et al., 1999; Bequette et al., 2001) .
Conclusions
It could be concluded that the variation in ovine FABP4 has an effect on milk production traits. However, further investigations have to be undertaken on a larger population of Sfakia sheep, or other breeds of sheep, to confirm these findings before they can be recommended to breeding programs to improve milk production traits in sheep.
